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Abstract: The cancer killing efficacy of standard chemotherapeutic agents such as cisplatin (CDDP)
is limited by their side effects to normal tissues. Therefore, research efforts optimizing the safety and
efficacy of those agents are clinically relevant. We did screen for agents that specifically protect normal
human mesothelial cells against CDDP without reducing the cancer cell killing efficacy. Lovastatin was
identified from the screen. Lovastatin at a pharmacologically relevant concentration strongly arrested
the proliferation of normal cells, whereas cancer cells were less affected. CDDP-induced DNA damage
response was not activated and normal cells showed enhanced tolerance to CDDP when normal cells were
treated with the combination of CDDP and lovastatin. We demonstrate that interfering with protein
geranylgeranylation is involved in the lovastatin-mediated CDDP protective effect in normal cells. In
contrast to normal cells, in cancer cells lovastatin did not change the CDDP-induced response, and
cancer cells were not protected by lovastatin. Furthermore, lovastatin at the pharmacological relevant
concentration per se induced DNA damage, oxidative stress and autophagy in cancer cells but not in
normal mesothelial cells. Therefore, our data suggest that lovastatin has a potential to improve the
therapeutic index of cisplatin-based therapy.
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Introduction
Cisplatin (CDDP) is a standard chemotherapeutic agent for the
treatment of various solid tumors. However, side effects to normal
tissues result in limited tolerance in patients [1]. Thus, therapeutic
strategies circumventing the toxic side effects of CDDP would be
welcome and might improve the therapeutic outcome.
Loss or weakened cell cycle checkpoints are among the most
universal alterations in cancer cells, resulting in reduced sensitivity
to proliferation-inhibitory signaling that normally initiate a variety
of responses including proliferation arrest, activation of self-
protection mechanisms against stresses, differentiation, or cell
death [2]. Under certain proliferation-limiting conditions, normal
cells arrest their replication and thereby may be protected from the
toxicity of proliferation-dependent agents, e.g. the DNA-damaging
agents. However, cancer cells, due to their reduced sensitivity to
proliferation-inhibitory signaling, cannot properly arrest their cell
cycle and are therefore selectively killed under these conditions [3–
6].
Our aim was to find agents which could protect normal cells
against cisplatin cytotoxicity and at the same time allow killing
cancer cells. Therefore, we set up a two-step screen: first, we
screened a series of compounds for differential effects on the
proliferation of normal mesothelial versus mesothelioma cells;
second, combined actions of CDDP with those differentiating
agents were tested in normal cells to identify agents which make
normal cells tolerant to CDDP cytotoxicity while allowing cancer
cells killing.
Lovastatin was identified from our screen. As a cholesterol-
lowering drug, lovastatin acts by inhibiting HMG-CoA reductase,
the rate-limiting enzyme of the cholesterol biosynthesis pathway
[7]. Blocking the cholesterol synthesis pathway also results in the
depletion of isoprenoid moieties thereby interfering with protein
isoprenylation, which is a crucial regulatory step in many
biological procedures [7]. Therefore, beyond the cholesterol-
lowering function, lovastatin also performs pleiotropic biological
roles in the control of cell proliferation, apoptosis, survival,
differentiation, migration and cellular vesicle trafficking [7–9].
Our data show that lovastatin has a potential to increase the
therapeutic index of CDDP.
Materials and Methods
Cell Cultures and Reagents
Normal human mesothelial primary cells and cancer cells were
cultured in M199 (Invitrogen)/MCDB105 (Sigma) (1:1) mixed
medium supplemented with 15% FCS, 10 ng/ml EGF, and
0.4 mg/ml hydrocortisone as described [10]. The human meso-
thelioma cell line ZL55 [11] and the primary normal cell culture
SDM104 [12] were generated in our laboratory. The breast
cancer cell line MCF-7 [13] and the human lung adenocarcinoma
cell line A549 [14] were purchased from American Type Culture
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Corporation (Manassas, VA). The primary normal cell culture
LP9 [15] was from Dr. James Rheinwald’s laboratory. The
primary normal cell culture SDM85 was established from a
normal pleural tissue received from a patient undergoing cancer
unrelated thoracic surgery. The study was approved by the Zu¨rich
University Hospital ethic committee and a written informed
consent was obtained from the patient. All cell lines used in this
study were authenticated by fingerprinting (Microsynth, Balgach,
Switzerland). Lovastatin (Alexis Biochemicals) was converted into
the active acid form as described [16] and used at a concentration
of 2 mM in most experiments. Cisplatin (0.5 mg/ml saline
solution) was purchased from Ebewe Pharma; mevalonate, GGPP
and FTI-277 from Sigma; GGTI-298 from Calbiochem. Anti-
ATM-Ser1981 (Epitomics), anti-ATM (2C1) (Gene Tex), anti-c-
H2AX (Ser139) (Millipore), anti-LC3B (Abcam), anti-phospho-
p53 (Ser15) (Cell Signaling Technology), anti-p53, anti-b-Actin,
anti-Heme Oxygenase 1 (HO 1), anti-p21, anti-H-Ras, anti-
Rap1a and anti-vinculin (Santa Cruz) were used according to the
Figure 1. Lovastatin differentially affected the cell proliferation of normal versus cancer cells in vitro. The experimental protocol for the
investigation of agents protecting normal cells against CDDP cytotoxicity is shown in (A). Cell cycle profiles of normal SDM104 (B) and (C), and ZL55
cancer cells (D) and (E) of control without treatment (B) and (D), or 24 hours treatment with 2 mM lovastatin (C) and (E) are shown (n= 3). Cells were
exposed to 10 mM BrdU for one hour before harvesting for FACS analysis.
doi:10.1371/journal.pone.0045354.g001
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product instructions. For western blot detection of ATM, protein
extracts were run in 5% SDS-polyacrylamide gel while for the rest
13.5% SDS-polyacrylamide gel was used.
Cell Proliferation and Cell Cycle Analysis
MTT cell proliferation assay was performed as described [17].
For the compound screen, the analysis of the cell cycle distribution
was done as following: cells were harvested after 24-hour
treatment with different agents, washed with PBS and fixed in
70% ethanol overnight at 4uC. After propidium iodide (PI) (Sigma)
staining, flow cytometry (FACS) analysis was performed with
FACSCalibur (FACScan, BD Biosciences) and data was analyzed
with ModFit LT 3.2.1 software. For the detailed FACS analysis of
lovastatin-treated cells, cells were exposed to 10 mM BrdU for one
hour before harvesting. Cells were harvested after 24 hour
lovastatin-treatment and fixed in 70% ethanol. After anti-BrdU
antibody (BD Biosciences)/Secondary Alexa488-conjugated goat-
anti-mouse (Invitrogen) and PI staining, FACS analysis was
performed with FACSCalibur and data was analyzed with Summit
v4.3 software. The statistical significance was performed with two-
tailed t-Test.
Results
Lovastatin Differentially Affected the Cell Proliferation of
Normal versus Cancer Cells and Specifically Protected
Normal Cells from CDDP Cytotoxicity in vitro
The screen for agents which could protect normal cells against
cisplatin-induced cytotoxicity was performed in two steps. In the
first step, we studied the literature and selected candidate agents
from which we found indications that they might differentially
affect proliferation of normal versus cancer cells. Cell cycle profiles
of normal human mesothelial SDM104 cells and human
mesothelioma ZL55 cells were analyzed 24 hours after exposure
to commercially available agents known to interfere with cell
proliferation. Some of the agents showing different effects on the
cell cycle distribution in normal versus cancer cells are listed
(Table 1). In the second step, we tested which of the selected agents
protected normal cells from CDDP (Figure 1A). Lovastatin, an
FDA-approved cholesterol-lowering drug, was identified in the
second step.
Lovastatin at the pharmacological relevant concentration [18]
of 2 mM in normal cells reduced more than 98% of the S-phase
cells and about 14% of the G2/M cells while there was about
47.8% increases of G0/G1 cells (Figure 1C), as compared to
untreated control (Figure 1B). In contrast, in cancer cells there
were still about 20% of the S-phase cells remaining and both G0/
G1 cells and G2/M cells were increased 58% and 77.7%,
respectively (Figure 1E) after lovastatin-treatment, compared to
untreated control (Figure 1D). Thus, lovastatin showed different
effects on the proliferation of normal cells versus cancer cells.
Consistent with changes observed in cell cycle, treatment with
lovastatin alone, significantly suppressed the proliferation of
normal (P,1.061026), and cancer ZL55 (P,0.001) and MCF-7
(P,0.001) cells, compared to untreated controls (Figure 2A).
The number of normal SDM104 cells after the combined
treatment of CDDP and lovastatin was 3.8 times higher compared
to the cell number observed after treatment with CDDP alone.
This protective effect against CDDP toxicity was also observed in
two additional normal primary cultures SDM85 and LP9
(Figure 2A). The lovastatin-mediated protective effect seemed
specific for normal cells, since none of the tested cancer cell lines,
human mesothelioma ZL55, human breast cancer MCF-7 and
human lung adenocarcinoma A549, was protected (Figure 2A).
A lovastatin dose response for protective effect against CDDP
cytotoxicity was performed with SDM104 cells. Lovastatin dose-
dependently reduced cell growth, however, the maximal protective
effect was observed already at 2 mM (Figure 2B). Thus, 2 mM
lovastatin concentration was used in most of our experiments.
Because lovastatin-mediated protection of normal cells was linked
to cell cycle arrest, CDDP-protective effects was visible only at
high CDDP concentration (10–20 mM) where reduction in cell
number due to cytotoxicity was higher than lovastatin-induced cell
number reduction due to proliferation arrest (Figure 2C).
Blocking the Cholesterol Biosynthetic Pathway but not
Ubiquinone Synthesis is Required for the Lovastatin-
mediated Protection of Normal Cells from Cisplatin
Toxicity
As a lipid lowering agent, lovastatin acts to inhibit HMG-CoA
reductase, the rate-limiting enzyme of cholesterol biosynthetic
pathway [7] (Figure 3A). We examined whether blocking the
cholesterol biosynthetic pathway is required for the lovastatin-
mediated protection of normal cells against CDDP by testing the
effects of mevalonate, which is the immediate product of HMG-
CoA reductase-catalyzed reaction in the cholesterol biosynthetic
pathway [7] (Figure 3A). Addition of mevalonate completely
reversed the inhibitory effects of lovastatin on cell proliferation.
Lovastatin did not protect normal cells against CDDP in the
presence of mevalonate (Figure 3B), indicating that lovastatin
protects normal cells by blocking the cholesterol biosynthetic
pathway. The addition of ubiquinone (coenzyme Q10) in normal
cells did not change either the inhibitory effect of lovastatin on cell
proliferation or the protection from CDDP (Figure 3C) indicating
Table 1. Different effects of agents on the cell cycle distribution of normal versus cancer cells.
Agents ZL55 SDM104
Hsp90 inhibitor 17-AAG (0.25mM) G1 and G2/M arrest G2/M arrest, still S phase cells
EGFR inhibitor AG1478 (20mM) G1 arrest No response
Akt Inhibitor II (20mM) G1 arrest No response
PKC inhibitor GF109203X (10mM) G1 arrest No response
Lovastatin (2mM) G1 delay, still S phase cells G1 and G2/M arrest
Nocodazole (50nM) G2 arrest and cell death G1 and G2/M arrest and cell death
Pemetrexed (10nM) G1 and S arrest No response
Kinase inhibitor UCN-01 (25nM) G1 arrest No response
doi:10.1371/journal.pone.0045354.t001
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Figure 2. Lovastatin specifically protecting normal but not
cancer cells from CDDP toxicity in vitro. Results of MTT assays with
primarily cultured normal cells (SDM104, SDM85 and LP9) and cancer
cells (ZL55, A549 and MCF-7) after treatments with CDDP alone,
lovastatin (2 mM) alone, or both together are shown in (A) (n = 6; * for
P,3.061025). In (B), MTT assays were performed after SDM104 cells
were treated with different concentrations of lovastatin alone, or
lovastatin together with 20 mM CDDP (n = 6; * for P,0.002; ** for
P,3.061025); L0.5, L1, L2 and L4 stand for 0.5 mM, 1 mM, 2 mM and 4mM
lovastatin, respectively; and C for CDDP. In (C), MTT assays were
performed after SDM104 cells were treated with 2 mM lovastatin alone,
CDDP of different concentrations alone, or both together (n = 6; * for
P,0.02; ** for P,1.061025); C5, C10, and C20 stand for 5 mM, 10 mM
and 20 mM CDDP, respectively.
doi:10.1371/journal.pone.0045354.g002
Figure 3. Blocking the cholesterol biosynthetic pathway is
involved in the lovastatin-mediated protection of normal cells.
A scheme for the cholesterol biosynthetic pathway is shown in (A). In
(B) and (C), 20 mM CDDP were added after 8 hours pre-incubation with
2 mM lovastatin in the presence or absence of 200 mMmevalonate (B) or
100 mM Q10 (C), then cells were cultured for another 16 hours in the
presence of CDDP and the other agents together (n = 6; * for
P,7.061027). MTT assays were performed after the treatments ended
and cells were cultured again in fresh medium for 24 hours. In (B) and
(C), ‘‘L’’ stands for lovastatin, ‘‘M’’ for mevalonate.
doi:10.1371/journal.pone.0045354.g003
Effects of Lovastatin in Normal and Cancer Cells
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the interference with the ubiquinone synthesis is not involved in
the observed protection of normal cells.
Protection of Normal Cells from Cisplatin Toxicity is
Mediated through Lovastatin-Induced Interference of
Protein Geranylgeranylation
Lovastatin interferes with protein isoprenylation (including
farnesylation and geranylgeranylation) through depleting the
isoprenoid donors farnesyl pyrophosphate (FPP) and geranylger-
anyl pyrophosphate (GGPP) [7] (Figure 3A, and 4A and 4C).
Farnesyltransferase inhibitor (FTI-277) specifically inhibits the
farnesylation of small G proteins, e.g., the farnesylation of H-Ras
(Figure 4A) but not protein geranylgeranylation, e.g., the
geranylgeranylation of Rap1a in normal SDM104 cells
(Figure 4C). FTI-277 showed much weaker proliferation inhibitory
effect on normal cells (Figure 4B) than lovastatin (Figure 3B), and
its CDDP-protective effect to normal cells (Figure 4B) was also
weaker than lovastatin (Figure 3B). However, the specific
inhibition of geranylgeranylation by a geranylgeranyltransferase-
I inhibitor (GGTI-298) (Figure 4C), which did not affect
farnesylation (Figure 4A), strongly inhibited the proliferation of
normal cells and protected them from cisplatin toxicity (Figure 4B)
similar to lovastatin (Figure 3B). Consistent with these observa-
tions, the cell proliferation-inhibitory effects and the CDDP
protective effect of lovastatin for normal cells were dramatically
suppressed by the addition of GGPP (Figure 4D), which reversed
the lovastatin-mediated inhibition of geranylgeranylation
(Figure 4C) but not farnesylation (Figure 4A). Thus, our data
demonstrates that lovastatin-mediated protection of normal cells
from CDDP toxicity is mainly due to the GGPP depletion-induced
inhibition of geranylgeranylation.
Lovastatin Prevents the Activation of CDDP-induced DNA
Damage Responses in Normal Cells but Induces DNA
Damage Responses in Cancer Cells
To further explore the mechanism of lovastatin-mediated
differential effects on normal versus cancer cells, the responses of
normal versus cancer cells were examined in more details. As
expected, CDDP activated the DNA damage responses [19–22] in
normal cells: the phosphorylation of ATM, the consequent
accumulation of the DNA damage marker phospho histone
H2AX on Serine 139 (c-H2AX), the phosphorylation and
accumulation of p53, and the accumulation the cell cycle inhibitor
p21 (Figure 5A). However, except for p21 upregulation, DNA
damage response was not detected when cells were treated with
lovastatin 8 hours prior and during CDDP treatment (Figure 5A),
indicating that lovastatin, by arresting cell growth, suppressed the
DNA damage response and protected normal cells from CDDP-
induced cytotoxicity. Lovastatin-induced up-regulation of p21 was
likely through a p53-independent pathway since no detectable
activation of p53 was observed in normal cells treated with
lovastatin alone (Figure 5A).
Figure 4. Protection of normal cells from cisplatin toxicity is through interference of protein geranylgeranylation. Results of Western
blot with anti-H-Ras antibody (A) and anti-Rap1a antibody (C) are shown. Protein extracts were made right after normal SDM104 cells were treated
with different compounds for 16 hours. b-Actin used as loading control for Western. In (B), 20 mM CDDP were added after 8 hours pre-incubation
with 10 mM GGTI-298 (GGTI) or 10 mM FTI-277 (FTI), and then cells were cultured for another 16 hours in the presence of CDDP and the inhibitors
together (n = 6; * for P,3.061024; ** for P,2.061026). In (D), 20 mM CDDP were added after 8 hours pre-incubation with 2 mM lovastatin in the
presence or absence of 10 mM GGPP, and then cells were cultured for another 16 hours in the presence of CDDP and the compounds together (n = 6;
** for P,2.061026). In (B) and (D), MTT assays were performed after the treatments ended and cells were cultured again in fresh medium for 24
hours. ‘‘L’’ stands for lovastatin.
doi:10.1371/journal.pone.0045354.g004
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In cancer cells, in contrast to normal cells, the CDDP-induced
DNA damage response including the activation of ATM,
accumulation of c-H2AX and p53 were not changed in the
combined treatment with lovastatin (Figure 5B). Importantly,
while lovastatin alone did not induce further response except p21
upregulation in normal cells (Figure 5A), it resulted in increased
levels of P-ATM, p53 and c-H2AX in cancer cells (Figure 5B)
indicating that lovastatin at the pharmacological relevant concen-
tration of 2 mM per se induces DNA damage in cancer cells.
Lovastatin Induces Autophagy and Oxidative Stress in
Cancer but not Normal Cells
Consistent with other studies reporting lovastatin-induced
autophagy [23–25], we observed that lovastatin triggered the up-
regulation of the autophagy marker LC3B-II [26] in cancer cells
Figure 5. Lovastatin inhibits the activation of CDDP-induced DNA damage responses in normal cells but induces DNA damage
responses in cancer cells. Western blot analysis of components in DNA-damage response in SDM104 normal cells (A) and cancer cells (B) after
treatment with CDDP in the presence or absence of lovastatin are shown. Vinculin and b-actin were used as loading control. For CDDP treatment,
cells were cultured in the presence of 8 mM CDDP for 16 hours; for lovastatin, cells were cultured in the presence of 2 mM lovastatin for 24 hours; for
the combination of CDDP and lovastatin, 8 mM CDDP were added 8 hours after 2 mM lovastatin pre-incubation, then cells were cultured for another
16 hours in the presence of CDDP and lovastatin together.
doi:10.1371/journal.pone.0045354.g005
Figure 6. Lovastatin induces oxidative stress and autophagy in cancer but not normal cells. Western blot analysis of autophagy marker
LC3B-II and oxidative stress marker HO-1 in normal (SDM104) cells (A) and cancer (ZL55) cells (B) after treatment with CDDP in the presence or
absence of lovastatin are shown. b-Actin were used as loading control. For CDDP treatment, cells were cultured in the presence of 8 mM CDDP for 16
hours; for lovastatin, cells were cultured in the presence of 2mM lovastatin for 24 hours; for the combination of CDDP and lovastatin, 8 mM CDDP were
added 8 hours after 2 mM lovastatin pre-incubation, then cells were cultured for another 16 hours in the presence of CDDP and lovastatin together.
doi:10.1371/journal.pone.0045354.g006
Effects of Lovastatin in Normal and Cancer Cells
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(Figure 6B). However, LC3B-II was not up-regulated in lovastatin-
treated normal cells (Figure 6A). Lovastatin also induced oxidative
stress indicated by the expression of heme oxygenase-1 (HO-1)
[27] in cancer cells (Figure 6B), which was not detected in normal
SDM104 cells either (Figure 6A). Therefore, lovastatin induces
autophagy and oxidative stress in cancer but not normal cells.
Discussion
Side effects of anticancer drugs impair patients’ life quality and
affect therapeutic efficacy [28]. We identified lovastatin from a
screen for agents which reduced cisplatin-induced toxicity in
normal cells, while allowing cancer cells to be killed. Lovastatin
not only mediated the CDDP protective effect for normal cells, but
also induced DNA damage, oxidative stress and autophagy
specifically in cancer cells.
The protection of normal cells against CDDP is in agreement
with the previous observations that lovastatin protected human
endothelial cells (HUVEC) from the toxic effects of anticancer
drugs doxorubicin and etoposide and the killing of ionizing
radiation in vitro [29,30]. Lovastatin also reduced ionizing
radiation-induced normal tissue damage and protected against
anthracycline-induced cardiac toxicity in vivo [31,32].
We showed that lovastatin mediated CDDP protective effect in
normal cells at a concentration of 2 mM, which is in the range of
the pharmacologically attainable serum concentration of lovastatin
(2.361.27 mM) [18], meaning immediate feasibility of clinical
implementation of lovastatin treatment of cancer patients receiv-
ing this drug. Similar concentration had been used for the
protection of mouse CHO cells from doxorubicin, and the
inhibition of geranylgeranylation was suggested to be involved in
the protective effect [33]. We showed here that a similar
mechanism also functions in the lovastatin-mediated protection
of normal human cells from CDDP. We further confirmed that the
protective effect of lovastatin is mainly due to a geranylgeranyla-
tion-dependent mechanism since GGTI but not FTI showed a
similar effect as lovastatin in protecting normal human cells from
CDDP toxicity.
Geranylgeranylated proteins are involved in the control of cell
proliferation [9]. The reduction of this post-translational modifi-
cation may be responsible for the cell proliferation arrest observed
in normal cells after treatment with lovastatin. It is known that
processing of CDDP-DNA-adducts in replicating cells leads to
DNA damage [19,34]. Therefore, replication-quiescent or -
inhibited cells become resistant to CDDP. This may also explain
why lovastatin does not protect cancer cells, where the prolifer-
ation-inhibitory effects of lovastatin may be antagonized by
oncogenic mutations [35].
Recent studies have renewed the therapeutic interest for the
inhibitors of cholesterol biosynthetic pathway in breast cancers
with p53 mutations since they become highly reliant on this
pathway [36]. In two of tested cancer cell lines (ZL55 and MCF-7)
we observed a significant decrease of cell proliferation after
treatment with lovastatin, indicating that even p53-proficient
tumors may be sensitive to some extent to growth inhibitory effects
of lovastatin therapy. In contrast to normal cells, where the effect
on proliferation resulted from the inhibition of DNA replication,
the lovastatin-mediated decrease of cell proliferation in cancer cells
may be attributed to DNA damage-dependent G0/G1 arrest. Due
to the minor decrease in S-phase cells, cancer cells were not
protected by lovastatin from the cytotoxic effect of CDDP.
It is known that lovastatin suppresses proliferation, and induced
oxidative stress, autophagy and apoptosis in cancer cells in vitro
[24,37–45]. In line with these observations, lovastatin inhibited
tumor growth [25] and potentiated the antitumor activity of
doxorubicin and CDDP in vivo [46,47] and long-term use of statin
is associated with lower risk of many cancers [48,49]. Here, we
further show that those lovastatin-induced detrimental effects
happen specifically in cancer but not normal cells.
Therefore, our data demonstrate that lovastatin has a potential
for protecting normal cells from CDDP toxicity without decreasing
the sensitivity of cancer cells to CDDP-based therapy thereby
improving the therapeutic index.
Acknowledgments
Our special thanks go to all members in the Laboratory of Molecular
Oncology USZ for their kind helps and stimulating discussions. We are
grateful to Dr. James Rheinwald (Harvard Medical School) for kindly
providing us LP9 cells.
Author Contributions
Conceived and designed the experiments: YS EF. Performed the
experiments: YS TM. Analyzed the data: YS EF TM RS. Contributed
reagents/materials/analysis tools: YS EF RS. Wrote the paper: YS EF TM
RS.
References
1. Kelland L (2007) The resurgence of platinum-based cancer chemotherapy. Nat
Rev Cancer 7: 573–584.
2. Hartwell LH, Kastan MB (1994) Cell cycle control and cancer. Science 266:
1821–1828.
3. Blagosklonny MV, Pardee AB (2001) Exploiting cancer cell cycling for selective
protection of normal cells. Cancer Res 61: 4301–4305.
4. Baserga R (1994) Oncogenes and the strategy of growth factors. Cell 79: 927–
930.
5. Evan G, Littlewood T (1998) A matter of life and cell death. Science 281: 1317–
1322.
6. Blagosklonny MV, Darzynkiewicz Z (2002) Cyclotherapy: protection of normal
cells and unshielding of cancer cells. Cell Cycle 1: 375–382.
7. McTaggart SJ (2006) Isoprenylated proteins. Cell Mol Life Sci 63: 255–267.
8. Fritz G, Henninger C, Huelsenbeck J (2011) Potential use of HMG-CoA
reductase inhibitors (statins) as radioprotective agents. Br Med Bull 97: 17–26.
9. Berndt N, Hamilton AD, Sebti SM (2011) Targeting protein prenylation for
cancer therapy. Nat Rev Cancer 11: 775–791.
10. Rheinwald JG, Hahn WC, Ramsey MR, Wu JY, Guo Z, et al. (2002) A two-
stage, p16(INK4A)- and p53-dependent keratinocyte senescence mechanism that
limits replicative potential independent of telomere status. Mol Cell Biol 22:
5157–5172.
11. Schmitter D, Lauber B, Fagg B, Stahel RA (1992) Hematopoietic growth factors
secreted by seven human pleural mesothelioma cell lines: interleukin-6
production as a common feature. Int J Cancer 51: 296–301.
12. Knobel PA, Kotov IN, Felley-Bosco E, Stahel RA, Marti TM (2011) Inhibition
of REV3 expression induces persistent DNA damage and growth arrest in cancer
cells. Neoplasia 13: 961–970.
13. Brooks SC, Locke ER, Soule HD (1973) Estrogen receptor in a human cell line
(MCF-7) from breast carcinoma. J Biol Chem 248: 6251–6253.
14. Lieber M, Smith B, Szakal A, Nelson-Rees W, Todaro G (1976) A continuous
tumor-cell line from a human lung carcinoma with properties of type II alveolar
epithelial cells. Int J Cancer 17: 62–70.
15. Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, et al. (2000) Human
keratinocytes that express hTERT and also bypass a p16(INK4a)-enforced
mechanism that limits life span become immortal yet retain normal growth and
differentiation characteristics. Mol Cell Biol 20: 1436–1447.
16. Jakobisiak M, Bruno S, Skierski JS, Darzynkiewicz Z (1991) Cell cycle-specific
effects of lovastatin. Proc Natl Acad Sci U S A 88: 3628–3632.
17. Cole SP (1986) Rapid chemosensitivity testing of human lung tumor cells using
the MTT assay. Cancer Chemother Pharmacol 17: 259–263.
18. Thibault A, Samid D, Tompkins AC, Figg WD, Cooper MR, et al. (1996) Phase
I study of lovastatin, an inhibitor of the mevalonate pathway, in patients with
cancer. Clin Cancer Res 2: 483–491.
19. Olive PL, Banath JP (2009) Kinetics of H2AX phosphorylation after exposure to
cisplatin. Cytometry B Clin Cytom 76: 79–90.
20. Bakkenist CJ, Kastan MB (2003) DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation. Nature 421: 499–
506.
Effects of Lovastatin in Normal and Cancer Cells
PLOS ONE | www.plosone.org 7 September 2012 | Volume 7 | Issue 9 | e45354
21. Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, et al. (1998) Enhanced
phosphorylation of p53 by ATM in response to DNA damage. Science 281:
1674–1677.
22. Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, et al. (1998) Activation
of the ATM kinase by ionizing radiation and phosphorylation of p53. Science
281: 1677–1679.
23. Sane KM, Mynderse M, Lalonde DT, Dean IS, Wojtkowiak JW, et al. (2010) A
novel geranylgeranyl transferase inhibitor in combination with lovastatin inhibits
proliferation and induces autophagy in STS-26T MPNST cells. J Pharmacol
Exp Ther 333: 23–33.
24. Parikh A, Childress C, Deitrick K, Lin Q, Rukstalis D, et al. (2010) Statin-
induced autophagy by inhibition of geranylgeranyl biosynthesis in prostate
cancer PC3 cells. Prostate 70: 971–981.
25. Asakura K, Izumi Y, Yamamoto M, Yamauchi Y, Kawai K, et al. (2011) The
cytostatic effects of lovastatin on ACC-MESO-1 cells. J Surg Res 170: e197–209.
26. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, et al. (2000) LC3,
a mammalian homologue of yeast Apg8p, is localized in autophagosome
membranes after processing. EMBO J 19: 5720–5728.
27. Applegate LA, Luscher P, Tyrrell RM (1991) Induction of heme oxygenase: a
general response to oxidant stress in cultured mammalian cells. Cancer Res 51:
974–978.
28. McKnight JA (2003) Principles of chemotherapy. Clin Tech Small Anim Pract
18: 67–72.
29. Damrot J, Nubel T, Epe B, Roos WP, Kaina B, et al. (2006) Lovastatin protects
human endothelial cells from the genotoxic and cytotoxic effects of the
anticancer drugs doxorubicin and etoposide. Br J Pharmacol 149: 988–997.
30. Nubel T, Damrot J, Roos WP, Kaina B, Fritz G (2006) Lovastatin protects
human endothelial cells from killing by ionizing radiation without impairing
induction and repair of DNA double-strand breaks. Clin Cancer Res 12: 933–
939.
31. Ostrau C, Hulsenbeck J, Herzog M, Schad A, Torzewski M, et al. (2009)
Lovastatin attenuates ionizing radiation-induced normal tissue damage in vivo.
Radiother Oncol 92: 492–499.
32. Huelsenbeck J, Henninger C, Schad A, Lackner KJ, Kaina B, et al. (2011)
Inhibition of Rac1 signaling by lovastatin protects against anthracycline-induced
cardiac toxicity. Cell Death Dis 2: e190.
33. Bardeleben RV, Dunkern T, Kaina B, Fritz G (2002) The HMG-CoA reductase
inhibitor lovastatin protects cells from the antineoplastic drugs doxorubicin and
etoposide. Int J Mol Med 10: 473–479.
34. Lovric MM, Hawkins CJ (2010) TRAIL treatment provokes mutations in
surviving cells. Oncogene 29: 5048–5060.
35. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell
144: 646–674.
36. Freed-Pastor WA, Mizuno H, Zhao X, Langerod A, Moon SH, et al. (2012)
Mutant p53 Disrupts Mammary Tissue Architecture via the Mevalonate
Pathway. Cell 148: 244–258.
37. Rao S, Lowe M, Herliczek TW, Keyomarsi K (1998) Lovastatin mediated G1
arrest in normal and tumor breast cells is through inhibition of CDK2 activity
and redistribution of p21 and p27, independent of p53. Oncogene 17: 2393–
2402.
38. Agarwal B, Rao CV, Bhendwal S, Ramey WR, Shirin H, et al. (1999) Lovastatin
augments sulindac-induced apoptosis in colon cancer cells and potentiates
chemopreventive effects of sulindac. Gastroenterology 117: 838–847.
39. Agarwal B, Bhendwal S, Halmos B, Moss SF, Ramey WG, et al. (1999)
Lovastatin augments apoptosis induced by chemotherapeutic agents in colon
cancer cells. Clin Cancer Res 5: 2223–2229.
40. Dimitroulakos J, Ye LY, Benzaquen M, Moore MJ, Kamel-Reid S, et al. (2001)
Differential sensitivity of various pediatric cancers and squamous cell carcinomas
to lovastatin-induced apoptosis: therapeutic implications. Clin Cancer Res 7:
158–167.
41. Cafforio P, Dammacco F, Gernone A, Silvestris F (2005) Statins activate the
mitochondrial pathway of apoptosis in human lymphoblasts and myeloma cells.
Carcinogenesis 26: 883–891.
42. Ahn KS, Sethi G, Aggarwal BB (2008) Reversal of chemoresistance and
enhancement of apoptosis by statins through down-regulation of the NF-kappaB
pathway. Biochem Pharmacol 75: 907–913.
43. Chan DY, Chen GG, Poon WS, Liu PC (2008) Lovastatin sensitized human
glioblastoma cells to TRAIL-induced apoptosis. J Neurooncol 86: 273–283.
44. Klawitter J, Shokati T, Moll V, Christians U (2010) Effects of lovastatin on
breast cancer cells: a proteo-metabonomic study. Breast Cancer Res 12: R16.
45. Gibot L, Follet J, Metges JP, Auvray P, Simon B, et al. (2009) Human caspase 7
is positively controlled by SREBP-1 and SREBP-2. Biochem J 420: 473–483.
46. Feleszko W, Zagozdzon R, Golab J, Jakobisiak M (1998) Potentiated antitumour
effects of cisplatin and lovastatin against MmB16 melanoma in mice.
Eur J Cancer 34: 406–411.
47. Feleszko W, Mlynarczuk I, Balkowiec-Iskra EZ, Czajka A, Switaj T, et al. (2000)
Lovastatin potentiates antitumor activity and attenuates cardiotoxicity of
doxorubicin in three tumor models in mice. Clin Cancer Res 6: 2044–2052.
48. Jacobs EJ, Newton CC, Thun MJ, Gapstur SM (2011) Long-term use of
cholesterol-lowering drugs and cancer incidence in a large United States cohort.
Cancer Res 71: 1763–1771.
49. Farwell WR, Scranton RE, Lawler EV, Lew RA, Brophy MT, et al. (2008) The
association between statins and cancer incidence in a veterans population. J Natl
Cancer Inst 100: 134–139.
Effects of Lovastatin in Normal and Cancer Cells
PLOS ONE | www.plosone.org 8 September 2012 | Volume 7 | Issue 9 | e45354
